INTRODUCTION
Various linear free energy relationships were discovered in the early 1930s for the side-chain reactions of rneta-or para-substituted benzene derivatives. Hammett's signal contribution [Hammett (1937) l lay essentially in recognizing the value of taking one reaction as a standard process, with which all other relevant reactions could be compared. Much information on reactivity could thereby be summarized in terms of a very simple mathematical equation, with its characteristic constants. The concept of the 'standard reaction series' has dominated the development of correlation analysis in organic chemistry. As the subject has expanded to take in a wider variety of data and as the analysis has been made more precise, the number of standard processes has grown.
Equations (1) and (2) show the basic form of the Hammett equation: log k = log ko + p 0 log K = log KO + p o in which k or K is the rate or equilibrium constant, respectively, for a side-chain reaction of a metu-or para-substituted benzene derivative. The symbol ko or KO denotes the statistical quantity (intercept term) approximating to k or K for the 'parent' or 'unsubstituted compound. The substituent constant, 0, measures the polar (electronic) effect of replacing H by a given substituent (in the meru-or paraposition) and is, in principle, independent of the nature of the reaction. The reaction constant, p, depends on the nature of the reaction (including conditionsmch as solvent and temperature) and measures the susceptibility of the reaction to polar effects. Hammett chose the ionization of benzoic acids in water at 25OC as the standard process. For this, p is defied as 1.000, and the value of o for a given substituent is then log(KJPJ, where K, is the ionization constant of the substituted benzoic acid and K", that of benzoic acid itself.
Hammett's choice of standard reaction appears to have been considerably influenced by the availability of fairly accurate values for the ionization constants of substituted benzoic acids, largely measured in the mid-1930s by J.F.J. Dippy and his co-workers [Dippy (1939) l. These were obtained by conductance measurements and were claimed to be 'thermodynamic' constants, i.e. all the necessary corrections had been made to ensure that the values were based on 'activities' rather than 'concentrations'. (Ionization constants essentially based on the latter may be described as 'apparent' or 'classical' constants.) It should be noted, however, that even in Hammett's publications [Hammett (1937 [Hammett ( ,1940 ] only a minority of the ts values tabulated were based directly on the ionization of substituted benzoic acids in water at 25°C. In the Table in Chapter 7 of Hammett (1940) the proportion is 17 entries out of 44. Most of the (3 values given depended on first applying the Hammett equation to various reactions (e.g. the rates of alkaline hydrolysis of ethyl benzoates in 87.83% ethanol-water at 3OOC) by using the data relating to substituents for which d values based on the ionization of substituted benzoic acids were available, and then applying the established p values to the relevant experimental results for other substituents. Thus, right from the start, as pointed out by McDaniel and Brown (1958) , there was but a limited number of 'primary' ts values; these were a larger number of 'secondary' ts values, and even some which might be termed 'tertiary', the last-mentioned being based on correlation equations which had been established by using a mixture of primary and secondary ts values. This situation, in fact, led McDaniel and Brown (1958) to suggest that secondary ts values should as far as possible be based on ionization constants of benzoic acids in aqueous organic solvents such as 50% ethanol-water, rather than on rate or equilibrium measurements for a wider range of systems.
Since the late 1930s there have been many studies of the ionization of substituted benzoic acids in water, some of them of rather greater accuracy than those of Dippy and co-workers. The range of substituents studied has also increased, although limitations imposed by insolubility in water and the sensitivity of certain substituents to water still apply. Compilations of ionization constants of organic acids in water have twice been made in publications under IUPAC auspices.
The first of these was by Kortiim, Vogel, and Andrussow (1961) . In this publication the descriptive text was given in both an English and a German version, but the Tables were in German only. The text was mainly a detailed critical survey of the various methods of measurement, occupying some 20 pp. in each language. In the Tables the various determinations for each acid were summarized, with indications of experimental and calculation methods (referring back to the earlier text), experimental conditions (temperature, concentration, ionic strength, etc.), the numerical results (the values tabulated usually being those of thermodynamic constants), and a 'Kritik' of the reliability of the constants tabulated. The lastmentioned was in the following terms: The second compilation was by Serjeant and Dempsey (1979) . This work was entirely in English and used the same general approach and arrangement as in the earlier publication. The experimental results were, however, expressed as pK, values, and not as simple values of K , as was done in the earlier work.
Further , a distinction between "very reliable" and "reliable" in the critical assessment was no longer made, the two categories being subsumed under "reliable" (ApK, I f 0.005). A further category of "very uncertain" was introduced, "where the uncertainty cannot be estimated but is likely to be very great". The volume contains a useful combined index to enhies in both volumes.
In making the present compilation of ts values based on the ionization constants of benzoic acids in water, extensive use has been made of the above volumes, but the more important original papers referred to therein have often been consulted. A number of relevant studies have been published subsequently to 1979. These include studies in aqueous organic solvents containing only a small percentage ($lo% v/v) of the organic component. Such studies may permit the calculation, by appropriate extrapolation, of Q values proper to behaviour in water.
BACKGROUND INFORMATION FOR TABLES AND NOTES
Experimental data for ionization constants in water at 25OC (in the main thermodynamic constants) are available for about sixty meta-or para-substituted benzoic acids. The number of substituents covered is about one-half of this number, but for certain substituents data are not available for both meru-and parapositions. The amount of data varies enormously from one acid to another. Thus for para-nitrobenzoic under the category Reliable). In the case of data not appearing in the IUPAC volumes, the present author has essayed an assessment along the Same lines. The whole body of data falls roughly into two groups. On the one hand there are acids for which there are several determinations (usually involving more than one type of experimental method), of which at least one is assessed as Reliable, and which are reasonably concordant. On the other hand there are acids for which there is only a very limited number of determinations, perhaps involving only one type of experimental method, of which most if not aU are classified as Approximate, and which may show some striking lack of mutual agreement. Thus it is possible to classify the substituents and corresponding d values as belonging to the First Division or Second Division respectively. (It has been possible to avoid classifying a given substituent X in one division for m-X and the other for p-X).
The 0 values for the First and the Second Division are shown in Tables 1 and 2 respectively. It has seemed convenient to number the entries in Table 2 to follow on from those of Table 1 . In each Table the substituents are presented in the same order in which they appear in the Tables in the compilation of substituent constants by Exner (1978) . To facilitate comparisons, the ordinal number in Exner's Tables is repeated in our Tables. In this system the substituents are arranged according to the 'first atom', i.e. that bonded to the benzene ring: H, C, and then others in a sequence according to the Groups of the Periodic System; in each Group, the arrangement proceeds according to the 'next atoms', with singlebonded 'next atoms' preceding multiple-bonded ones.
Following Hammett (1937 Hammett ( , 1940 values of d have often been given to three places of decimals, even though the reliability of the experimental results does not really justify this (see below). The calculations as detailed in the Notes keep three places of decimals (unless the data are restricted to two places), but the resulting mean values are rounded up or down to two decimal places for Table 1 The calculations of mean values include a weighting factor of 2 for Reliable data and of 1 for Approximate data. This choice of weighting factors is arbitrary but does bear a sensible relationship to the reliability of the data in question. (Often the weighted mean differs little from a straightforward mean, but it seems proper to pay such attention to the differing reliabilities of data.)
The assessment of the reliability of individual d values in numerical terms is a difficult matter. The number of determinations is usually too small for any formal treatment of errors to be applicable. McDaniel and Brown (1958) attempted to deal with this problem in terms of a 'limit of uncertainty', which was not too clearly defined. Exner (1978) adopted the same practice. It is the kind of procedure which is often adopted in chemistry to express the feeling, based on the reproducibility of a given result, that a particular numerical value " is good to within a certain number of units 'I. We have essentially adopted this practice here. When there are several determinations of the pK, value, the spread and distribution of values gives a guide to the reliability of the mean Q value. It is usually accepted that most of the uncertainty in a given d value lies in the pK, value of the substituted benzoic acid, that for benzoic acid itself being known much more precisely. When the experimental data are meagre, we base our assessment on an uncertainty of 0.01 for a d value from a Reliable value of pK, and of 0.02 for one from an Approximate value. (It seems likely that for many Approximate values of pK., the reliability is rather better than suggested by the ApK, 5 f 0.04.) Sometimes rather great uncertainty is attributed to the Q value because of discrepant data. Naturally when a (5 value depends on a solitary determination, an estimate of its reliability is of very Limited significance. Notice has also been taken of particular authors' views as to the reliability of Q values determined by them.
The values given in Tables 1 and 2 are thus the best values which can at present be provided for Q constants based on the ionization of benzoic acids in water at 25OC. Readers who require such values but do not wish to examine carefully the considerations which underlie them may use them with some confidence. The detailed considerations are given in the Notes for those who wish to examine them. Serjeant and Dempsey) , the pK, value (K, values in Kortiim et a1 are converted to pK3, the experimental method ( S = spectrophotometric; C= conductance; EH = electrometric with hydrogen electrode; EG = electrometric with glass electrode; SE = a combination of spectrophotometric and electrometric methods) and assessment of reliability ( R = Reliable; A = Approximate). (See the summary below of the paper by Matsui et a1 for the special position of this paper in the matter of assessment of reliability.)
Summaries of the more important source papers are given after the Notes.
NOTES FOR TABLES 1 AND 2

NQkLLH
The most reliable determinations of the thermodynamic pK, of benzoic acid in water at 25°C are cited by Serjeant The values for om and op given above are based entirely on behaviour in purely aqueous solutions, with one minor exception (see Note 2). Most of the mean values for om and op, however, agree closely with values which may be calculated from the pK, values of benzoic acid and the substituted benzoic acids in 10% v/v EtOH-H,O (Hoefnagel er a1 (1989)) or 10% v/v acetone-water (Hoefnagel et al (1990) ) and the corresponding p value for the ionization of substituted benzoic acids in the solvent concerned. (1990) were calculated from the pK, values of benzoic acid and the substituted benzoic acids in 10% vlv acetone-water and the p value for the ionization of substituted benzoic acids in that solvent.
10% EtOH-HZO
PJote 17: CONB
This value is cited by Hoefnagel and Wepster (1973) as being from unpublished measurements by A.G.N.
Boers and A.J. Hoefnagel on benzoic acids in water at 25°C. According to Wepster (personal Critical evaluation of structure-reactivity parameters 2461 communication, 1991) the method used was that of Biggs and Robinson (1961) , a combined spectrophotometric and electrometric procedure.
Note 18: C O a
The determination of accurate pK, values for the first ionization of isophthalic and of terephthalic acid is very difficult, because the second ionization 'overlaps' with the first. Elaborate treatment of results is required.
Probably the most reliable value for the first ionization constant of isophthalic acid is in Ang (1958)  [3966,3.70,SEb] . When the pK, value of 3.70 is combined with a value of 4.205 for benzoic acid and a statistical correction of 0.301 is applied for the presence of two ionizable groups, the value of 0.204 for om is obtained. It is generally believed among physical organic chemists that CO,H should differ but little from C0,Me in electron-attracting ability and therefore the above om value is anomalously low by at least 0.1 unit (cf. entry 19). The explanation of this is not clear. There does not appear to be any information available for the first ionization of terephthalic acid of reliability comparable with that for isophthalic acid.
However, Exner (personal communication, 1991) has directed attention to the work of Thamer and Voigt (1952, 1955) , which is mentioned by Kortiim et al (1961), theit entries 434 and 435, but classified by them as "unsicher". This work involved SE measurements for both isophthalic and terephthalic acids and a treatment of the results which was claimed to separate K, and K,. Exner has re-examined the work and The value from Hoehagel er a1 (1989) was determined directly by measurements in water. At present it does not seem possible to resolve the discrepancies in these values and the tabulation of recommended values would be unwise.
Wepster (personal communications, 199 1) considers results obtained in aqueous organic solvents (Hoehagel et a1 (1989) ) and infers that a small negative value, perhaps -0.05, may be appropriate for m-SiMe, in water, and a small positive value, perhaps 0.04, may be appropriate for p-SiMe, in water.
However, the experiments involved solvents in which the amount of organic component was )> 10%.
(This work will be considered in another part of this project.)
The determination of values of om and op for the amino group by studying the ionization of the substituted benzoic acids in water is complicated by the existence of a proportion of the acid in the zwitterionic form:
Values of o derived by procedures that do not properly consider this are of very doubtful reliability. The observed macroscopic constants K, and K, relate to equilibria as follows:
The analysis of pK, and pK, to yield a pK, value corresponding to: neutral acid * anion is quite complicated: a simplifying assumption is required and the results depend on the particular assumption made. The matter has been considered by certain authors and the original papers should be consulted for details. We give a brief outline here. Serjeant (1969) used values of 3.08 and 4.77 respectively for the macroscopic pK, and pK, values of meru-amhobenzoic acid in water at 25OC and derived a pK, value for the neutral acid of 4.20. He concluded that the value of om for NH, is effectively 0.00. Serjeant also considered para-aminobenzoic acid and derived a value of op for NH, of -0.57.
However, the situation for the latter acid was reconsidered in detail by van de Graaf et a1 (1981 The need to consider the effect of zwitterion formation discussed for NH, in Note 22 applies also here.
There appear to be no data relevant to obtaining a value of om, but van de Graaf er a1 (1981) (1959) to be at fault, largely on the grounds that Vandenbelt er a1 (1954) have also found a pK, value of the p-iodo acid approaching 4, i.e. 3.98, by a spectrophotometric method. The situation for the oP value of I seems at present to be not at all satisfactory.
SUMMARIES OF THE MORE IMPORTANT SOURCE PAPERS
Dippy and co-workers Extensive conductimetric measurements of ionization constant were made by Dippy and co-workers in the 1930s. The ChemicaJ Reviews article by Dippy (1939) , entitled "The dissociation constants of monocarboxylic acids; their measurement and their significance in theoretical organic chemistry", includes references to all this work and summarizes the results, as well as surveying other people's work.
Benzoic acid and many substituted benzoic acids were included. As noted in the Introduction above, Dippy's results were the basis of many of the original Hammett o values. Dippy's work was done with great care and much attention was paid to details which were believed necessary in the determination of the thermodynamic dissociation constants. However, the work was assessed by Kortiim er al (1961) as Approximate rather than Reliable. The work was resumed after World War 11, e.g. Bray, Dippy, Hughes, and Laxton (1957) ; . This seems to be more highly regarded by Serjeant and Dempsey (1979) , who assess some of it as Reliable.
Fischer. M w . and w a n 1961)
Title: "Influence of pressure on the Hammett reaction constant; dissociation of benzoic acids and phenylacetic acid." The thennodynamic pK, values in water at 25OC were measured for the parent acids and six mera-or pma-substituted acids of each type over the pressure range 1 to 3000 bar. The dissociation constants were measured by a conductance method, with proper attention to the various procedures, corrections, etc. necessary to obtain thermodynamic pK, values. Serjeant and Dempsey (1979) variously assess the results at 1 bar for the benzoic acids as Reliable or Approximate. Wilson et al (1967. 19701 The two parts of this work are published under the general title: "Acid-base equilibria of substituted benzoic acids." Part I contains the spectrophotometric determination of the dissociation constants of benzoic acid and its methyl derivatives at various temperatures to enable the thermodynamic quantities
